Background: Aim of this prospective study was to evaluate the effects of exercise training in patients with inoperable or residual chronic thromboembolic pulmonary hypertension (CTEPH).
Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare complication of acute pulmonary embolism due to unresolved emboli initiating remodeling of the non-obstructed pulmonary arteries leading to progressive increase in pulmonary vascular resistance (PVR) [1] . The incidence of CTEPH is not known, but recent studies suggest that 1-4.6% of patients develop the condition within 2 years after an episode of acute pulmonary embolism [2, 3, 4] . Pulmonary endarterectomy (PEA) with removal of the obstructive material is the only curative treatment and can be performed in about 60% of patients [5] . However, about 40% of patients with CTEPH are not operable [5] and 16% to 32% of operated patients suffer from persistent or recurrent pulmonary hypertension (PH) [6] . Clinical presentation with right heart failure and histological damage of pulmonary arteries is similar in CTEPH and pulmonary arterial hypertension (PAH). Therefore, CTEPH patients may benefit from medical therapy that has been approved for PAH. Various uncontrolled clinical trials propound the hypothesis that prostanoids, endothelin receptor antagonists (ERAs) and phosphodiesterase type-5-inhibitors may improve hemodynamics and exercise capacity in patients with operable or inoperable CTEPH [7] . However, the only 2 controlled trials in CTEPH were inconclusive. Subgroup analysis of 57 patients with CTEPH of the Aerosolized Iloprost Randomization (AIR) study showed an improvement in quality of life but failed to prove a significant benefit on exercise capacity and hemodynamics [8] . The BENEFIT-study with Bosentan in CTEPH resulted in a significant improvement of pulmonary vascular resistance and Borg index but did not improve exercise capacity measured by 6-minute walking distance, WHO-functional class (WHO-FC) or time to clinical worsening [9] . Thus, until now beside lifelong anticoagulation no further medical therapy has been approved in Europe or USA for treatment in CTEPH [10, 11] . Selected patients may benefit of PH-targeted drug therapy but cautious use is advised by current guidelines [10, 11] . Preoperative treatment has been reported to have minimal effect on pre-PEA hemodynamics and no effect on post-PEA outcome [12] , and may induce unnecessary delay to a potentially curative surgical intervention [12, 13] . Although studies in CTEPH already showed an improvement of survival rate compared to earlier trials without optimized medical PH-targeted therapy [14] survival is still unsatisfying with 82-87%, 75-77% and 70-77% after 1, 2 and 3 years, respectively [15, 16] .
Therefore, patients with inoperable or residual CTEPH have a need for additional therapeutic tools addressing their exercise capacity, quality of life and survival. Exercise training has been a useful add-on therapy in other forms of PH [17, 18] . The effect of exercise training in patients with inoperable or residual CTEPH has not yet been evaluated systematically. The objective of the present study was to evaluate safety and effectiveness of exercise training in patients with inoperable or residual CTEPH as add on to optimized medical PH-targeted therapy and to analyze longterm survival.
Methods

Study Population and Design
The protocol for this trial and supporting CONSORT checklist with flow-chart are available as supporting information; see Checklist S1, flow-chart Figure S1 and Protocol S1.
Our investigation included patients between 18 and 80 years with CTEPH and WHO-FC II-IV who received exercise and respiratory therapy as add-on to PH -targeted medication between June 2006 and October 2011. Patients had to be stable under optimized medical therapy including inhaled ERAs, inhaled or parenteral prostanoids, phosphodiesterase inhibitors, anticoagulants, diuretics, and supplemental oxygen for least 2 months before entering the study. According to current guidelines [11, 12] all patients underwent a detailed clinical work up at the participating PH centers, including right heart catheterization, ventilation/ perfusion lung scan, computed tomography angiography and pulmonary angiography to establish the diagnosis. The status ''inoperable CTEPH'' had been confirmed by experienced PEAsurgeons (SG, EM). All patients gave written informed consent for this study, which was approved by the Ethics Committee of the University of Heidelberg.
Outcome Measures
Efficacy parameters were assessed at baseline, week 3 and week 15 as described previously [17, 18] . 6-minute-walkingdistance (6MWD) was performed under standardized conditions [19] . Cardiopulmonary exercise testing and stress Doppler echocardiography were carried out during supine bicycle exercise as described previously [17] . Workload, heart rate, systolic pulmonary artery pressure (sPAP), systolic (RRsys) and diastolic (RRdias) systemic blood pressures, ventilation (VE), oxygen uptake (VO 2 ), oxygen pulse (VO 2 /heart rate), and carbon dioxide output (VCO 2 ) were evaluated continuously. V-slope method was used to detect the anaerobic threshold (AT). We analyzed gas exchange, Borg dyspnea index (with 6 representing no exertion and 20 maximal exertion) [20] and changes in WHO-FC after 3 and 15 weeks. Health related quality of life was measured by the Short Form Health Survey questionnaire (SF-36) [21] at baseline was compared to the results after 15 weeks. Serum N-terminal pro brain natriuretic peptide (NT-proBNP) was obtained at baseline and after 3 and 15 weeks. 6MWD, SF-36-questionnaire and NTproBNP have been obtained and analyzed by investigators who have been blinded to clinical data of the patients.
Exercise Training Program
We designed a program for patients with PH with a minimum of 1.5 h/day exercise training as described earlier [17, 18, 22] . For the first 3 weeks the program took place in the Rehabilitation Clinic Koenigstuhl Heidelberg. The different parts of the program were interval bicycle ergometer training at low workloads, walking, respiratory training at 5 days/week and dumbbelltraining of single muscle groups using low weights (500-1000 g). Patients continued training at home for at least 30 minutes/day at 5 days a week for 12 weeks. Additional to physical training patients received psychological support and performed mental training helping them to improve their perception of individual physical abilities and limits. During the study period the program was closely supervised by physicians specialized in rehabilitation medicine and PH-experts as described earlier [17, 18, 22] . Adverse events were recorded whenever they occurred. Oxygen saturation (sO2) and heart rate were monitored continuously throughout the training and used to adjust the training intensity. When patients' SO 2 passed below 90% during exercise they received supplemental oxygen (3-10 L/min) throughout the training. Before leaving the hospital after 3 weeks, patients were given an individualized training manual and a bicycle ergometer for use at home was ordered. Physiotherapists and physicians stayed in close contact to patients and supervised the planned training at home by phone call every 2-4 weeks. All patients were asked to keep close contact to physicians of the training program and to their general practitioners and specialized center.
Follow-up Assessment
In 2011 all participating patients were interviewed by telephone or at a control visit in the Thoraxklinik Heidelberg using a halfstructured questionnaire. The patients were asked for present symptoms, WHO-FC, current medication, what kind of exercise training they pursued at home, for any adverse events of exercise training and any further cardiac events that might have occurred since last observation. If the index patient was deceased, date of death was recorded and their relatives and/or treating physicians were asked for the cause and circumstances of death.
Statistical Methods
The analyses were performed by a statistician (C.F.). Data are given as mean 6 standard deviation and as median, 25% and 75% quantiles for more detailed description at baseline. Statistical tests shown in table 2 were performed without assuming normal distributions. The inner-group comparisons of baseline, weeks 3 and 15 for 6MWD, workload, Borg dyspnea index, parameters of gas exchange, PASP, systemic blood pressure, NT-proBNP, heart rate, summation and subscores of the SF-36 questionnaire were compared by Wilcoxon rank test. WHO-FC comparison at different time points was performed by McNemar-Bowden test.
All tests were two sided and p-values ,0.05 were considered statistically significant. Bonferroni adjustment for multiple comparisons was performed for comparisons of the primary endpoints such as parameters of quality of life and 6-minute walking distances. In a previous study of 58 patients with pulmonary hypertension of other ethiology we showed an improvement in 6MWD of 84649 meter. Under a conservative assumption of a difference of 40 meter and a standard deviation of 50 meter, taking multiple testing of 6MWD and 8 quality of life scales by Bonferroni adjustment into account, we calculated (t-test situation) that we would need 30 patients to detect the difference (if present) with a power of 90%. Furthermore, analysis of dropouts that did not attend the 15 week measurement was performed. All analyses were carried out with IBM SPSS V20 (IBM Corp. Armonk, NY, USA). For missing values we performed different imputation strategies and reported the values from the most strict one: 1. multiple imputation using the MCMC method as implemented in SPSS, 2. the last observation carried forward, 3. the baseline carried forward and a pessimistic imputation, in which 3 week 6MWD was imputed as 15 week measurement if it was lower than baseline, otherwise the baseline 6MWD. Kaplan-Meier estimates have been used for survival-analysis with 95% two-sided asymptotic confidence interval (CI). All treated patients were used for the survival analysis. Patients with deaths were counted as endpoints, survivors were regarded as censored.
Results
Study Population (Table 1) We prospectively recruited 39 consecutive patients for this study, 2 had to be excluded due to a change in their PA-targeted medication 2-4 weeks before admission to the rehabilitation hospital, 2 patients had been misdiagnosed as CTEPH and turned out as PAH. Thus, the final study group consisted of 35 consecutive patients in our study group (16 women, 19 men): 33 patients with inoperable CTEPH (94%) and 2 patients with residual CTEPH after PEA (6%). Demographic data, diagnosis, functional class, hemodynamic values, lung function and medical therapy of the study population are summarized in table 1. At baseline 7 patients were in WHO-FC II (20%), 26 patients were classified in WHO-FC III (74%) and 2 in WHO-FC IV (6%). Combination therapies including 2 to 3 PAH-targeted agents were used in 46% of patients (Table 1) .
Assessment of Training Effects
Training significantly improved the 6MWD from 4086108 meters by 61654 meters after 3 weeks (p,0.001) and by 71670 meters after 15 weeks (p = 0.001) ( Figure 1 , Table 2 ). All patients except six improved in 6MWD (Figure 1 ). The patient with the highest decrease of 6MWD had experienced a syncope as described in the adverse events section and walked intentionally less after 3 and 15 weeks in order to avoid another syncope. Three of the 6 further ''non-responders'' deceased during follow-up (after 2, 2.2 and 2.8 years, respectively). In one of these patients other parameters of physical exercise capacity had improved during training. Two further patients improved in their 6MWD after 3 weeks but had a slight decrease compared to baseline after 15 weeks. All other patients improved in their 6MWD, most of them continued with exercise training at home.
Training also significantly improved quality of life parameters indicated by the SF-36 subscale scores for physical functioning (p = 0.041) and vitality (p = 0.03, Figure 2 , Table 2 ). Using Bonferroni adjustment for 6MWD and quality of life scales improvement of 6 MWD remained statistically significant. Mean peak oxygen consumption, peak oxygen consumption per kg body weight, workloads with an increase of maximal heart rate during cardiopulmonary exercise testing increased significantly from baseline to 3 weeks and to 15 weeks (Table 2) . NT-proBNP plasma levels were significantly reduced after 3 weeks. The change in WHO-FC compared to baseline after 3 weeks and after 15 weeks was not significant (p = 0.157 and p = 0.157).
Missing Value Analysis
Thirteen patients (37%) did not attend the visit after 15 weeks (12 referred from other PH-centers than Heidelberg) mainly due to the long travel distance. They showed at baseline no significant differences for most parameters except maximal systolic and diastolic blood pressure. However, although statistically not significant, patients had a tendency of being older, having a higher BMI, lower 6MWD at baseline and after 3 weeks and lower improvement of 6MWD and slightly worse values for all quality of life scales in comparison to patients who completed all visits.
Results remained significant after imputation of missing values for the 6 MWD at 15 weeks using the rules described in the methods: a) the last observation carried forward method revealed an improvement of 60.2662. 
Adverse Events
During the 3 weeks in-hospital training 5 patients had an adverse event, in two cases (5.7%) it was related or possibly related to the training program. In one patient syncope occurred during the in-hospital rehabilitation after climbing three flights of stairs. Intensity of exercise training was reduced and the patient was able to continue the program without any further events. He was however concerned to get another syncope and walked intentionally less in the test of 6MWD after 3 and 15 weeks. The other patient had a herpes zoster infection 2 months after in-hospital training, which was possibly related to exercise training and was treated successfully by antiviral therapy and continued afterwards. In the other 3 patients adverse events had been respiratory infections, which were not related to the training itself. These patients had to interrupt the training program during the inhospital rehabilitation and were treated successfully by antibiotic therapy. They continued with the training after recovery and showed an improvement in 6MWD and peak oxygen consumption after 15 weeks. All other patients (86%) tolerated exercise training well. There were no signs of clinical worsening of right heart failure during the in-hospital program. All patients reported that they had improved their awareness of their physical abilities and limitations.
Follow-up and Survival
Follow-up data were obtained after a median of 36.4 months (0.8 to 5.2 years after baseline/start of the in-hospital rehabilitation, interquartile range 26.6-46.6 months). During follow-up 6 patients died. Three due to CTEPH and right heart failure, one patient due to sudden cardiac death, one patient died due to lung cancer 4.2 years after baseline. In one further patient the cause of death remained unknown. The Kaplan-Meier overall-survival rate was 97% after 1-year, 94% after 2-years and 86% after 3 years (figure 3). We interviewed the 29 surviving patients for actual symptoms, worsening events and continuation of exercise training. Of the 29 patients assessed during follow-up, 23 (79%) had been continuing exercise training, 19 for more than 3 years after baseline. 20 of the 23 continued bicycle ergometer training, 13 dumbbell-training, 9 walking, 15 respiratory training and 17 alternative training such as gymnastics. Nine patients combined two items, 5 patients three items and 5 patients four items. Four patients (14%) did not continue the training after the end of the study for the following reasons: one patient discontinued due to clinical worsening, two further patients mentioned lack of time, the fourth patient was mainly limited by musculoskeletal pain and did not see an improvement by exercise training.
Discussion
This is the first prospective clinical trial investigating short-and long-term effects of exercise training as add-on to PAH-targeted medication in patients with severe CTEPH. The results of the study suggest that training in pulmonary hypertension can significantly improve prognostic relevant parameters as exercise capacity and quality of life in this condition and has an excellent long-term survival of 97% after 1 year, 94% after 2 years and 86% after 3 years, respectively.
The results represent an important source of data on survival, exercise capacity and quality of life in patients with CTEPH treated with exercise and respiratory therapy. Mean 6MWD significantly improved by almost 20%, mean peak oxygen consumption by 16%, and mean maximal workload by 40% during 15 weeks of the training program. This had a significant impact on quality of life improving two of eight scores of the SF36 questionnaire. The positive effect of exercise training was also documented in a significant decrease (.20%) of mean NTproBNP after 3 weeks. Overall compliance was excellent with a Values are given as mean6SD, median and 25 and 75% Quantile (Q25, Q75) or as n and %. mPAP = mean pulmonary arterial pressure, PVR = pulmonary vascular resistance, RA = right atrium, SaO 2 = oxygen saturation, PCWP = pulmonary capillary wedge pressure, CI = Cardiac Index, sPAP = systolic pulmonary arterial pressure, RV = right ventricle, TAPSE = tricuspid plane annular systolic excursion. doi:10.1371/journal.pone.0041603.t001
continuation in 79% during the follow-up period of 36.5617 months. However, these data must be confirmed in randomized, controlled studies. The results of this study are in line with previous studies of training in patients with other forms of PH/PAH [17, 18, 22, 23, 24] . These studies showed similar effects in patients with various forms of PH and right heart insufficiency in a randomized controlled study [17] and in single-arm, non-controlled designs [18, 22, 23] . However, in these studies only few patients with CTEPH had been included. Thus, there are almost no previous data on the effect of exercise training in patients with inoperable or residual CTEPH. The promising results of this study suggest that training may be an important add-on therapy in CTEPH regarding long-term survival, exercise capacity, quality of life and oxygen consumption.
Improvement in 6-Minute-walking-distance
The 6MWD has been used as primary end-point in many randomized controlled clinical trials in PAH [11] and correlated with mortality and prognostically relevant parameters [25] . In patients with medically treated inoperable CTEPH 6MWD was the only independent predictor of long-term survival [16, 26] . Furthermore, 6MWD and NT-proBNP were independent predictors of perioperative mortality [27] . Pre-operative cut-off values for NT-proBNP of 1200 pg/ml and 345 m for 6MWD had both high negative predictive values for mortality [27] .
Previous uncontrolled drug-trials with Riociguat [28] and Bosentan [29, 30, 31, 32] in small cohorts of CTEPH-patients showed a significant increase in 6MWD, whereas in a randomized controlled trial Bosentan did not significantly improve 6MWD [10] . Therefore, a mean increase of 61 meters after 3 weeks and 71 meters after 15 weeks exercise and respiratory therapy is unexpectedly high. The absence of a non-trained ''placebo'' group may be considered a limitation of the study, with concern that some of the improvements were due to ''placebo'' effect, rather than efficacy of the training program. However, previously reported placebo controlled PAH studies of Bosentan or other PAH-targeted drugs have not shown any clinically relevant improvements in placebo groups. In fact, they have generally shown a decline. Despite the limitations of this study the magnitude of the mean improvements from baseline in 6MWD and other parameters as quality of life makes the findings promising. Further randomized, controlled studies are warranted.
Survival of Patients with CTEPH after Training
The survival estimate of 97% after 1 year, 94% after 2 years and 86% after 3 years using exercise training as add-on to optimized PAH targeted medical treatment can be considered as a positive outcome in CTEPH. Despite optimized PAH-targeted therapy several studies report a lower 1 year (87%/82%), 2 year (77%/75%) and 3 year survival rate (77%/70%) [15, 16] . One study showed a comparable 1 year survival rate of 96% [31] .
The CTEPH-cohort assessed in this study has been severely affected with a mean 6MWD of 4086108 meters at baseline despite double or even triple PAH targeted therapy in 46% of patients and is therefore comparable to the cohorts described previously. However, we cannot exclude that we selected highly motivated and compliant patients with less outcome limitations. Nevertheless, exercise training may have improved survival by ameliorating prognostic relevant factors as quality of life and exercise capacity. Since maximal heart rate during cardiopulmonary exercise testing and peak oxygen consumption significantly improved, exercise training possibly improved right ventricular contractile reserve [18] . Similar effects of training have been seen in patients with IPAH and right heart failure [18, 22] .
Limitations
Limitations of our study include its relatively small sample size and lack of randomization. Because of this, there could be a referral bias that CTEPH patients who do well have been selected. Furthermore patients were well-aware of the assignment to a training study, which may also have favored the results. The effects of exercise training after 15 weeks may be further biased due to the missing values of about 37% of patients who did not perform the last follow-up visit. However, the efficacy after 3 weeks exercise and respiratory therapy and the high proportion of patients who continued with the program suggest a positive effect in this cohort. The significant effect and high compliance of exercise training in inoperable CTEPH might also be due to the closely supervised in-hospital rehabilitation program, which probably cannot be simply translated to an out-patient program. This limits the application of this program in other countries which cannot provide in-hospital rehabilitation care. Therefore, further studies are necessary using ambulatory training programs.
It is a general issue of rehabilitation programs that the therapy cannot be performed in a blinded fashion and that a referral bias towards highly motivated patients with a better outcome may occur. Further studies are necessary to determine the effects of training programs on outcome in patients with pulmonary hypertension.
Conclusions
This is the first trial investigating exercise training in CTEPH as add-on to optimized medical therapy. The results indicate that exercise training is effective in CTEPH and may improve work capacity, quality of life and further prognostic relevant parameters. Exercise and respiratory therapy possibly improves survival rate. Further randomized studies are needed to confirm these promising results. Figure S1 CONSORT Flow-chart (TIF)
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